Introduction
polyadenylation activity (Minvielle-Sebastia et al., 1994) . Further purification revealed that CF I can be separated The formation of the 3Ј ends of eukaryotic mRNAs occurs into two activities (CF IA and CF IB) that are both in two tightly coupled steps and requires a complex set required for cleavage and polyadenylation (Kessler et al., of cis-and trans-acting factors. In mammals, the cleavage 1996). We independently have purified CF IA and found and polyadenylation specificity factor (CPSF) is a key that five polypeptides co-fractionate with the activity. They component in this process, as it is required for both steps, include Rna14p, Rna15p, Pcf11p (Amrani et al., 1997) , a endonucleolytic cleavage of the primary transcript and new protein called Clp1p (L.Minvielle-Sebastia et al., polyadenylation of the upstream cleavage product by the unpublished data) and remarkably, the major poly(A)-enzyme poly(A) polymerase (PAP). CPSF is a multimeric binding protein Pab1p (Minvielle-Sebastia et al., 1997) . protein complex that binds the PCF11 initially was found in a two-hybrid screen designed conserved hexanucleotide sequence AAUAAA upstream to identify proteins interacting with Rna14p and Rna15p of the cleavage site, by virtue of its largest subunit (Keller (Amrani et al., 1997) . RNA14, RNA15 and PCF11 also et al., 1991; Murthy and Manley, 1995) . CPSF binding interact genetically, as combinations of temperatureoccurs cooperatively with the cleavage stimulation factor sensitive mutations in either of them are synergistically (CstF), which recognizes a less well-defined U-or GUlethal (Minvielle-Sebastia et al., 1994; Amrani et al. , rich sequence downstream of the cleavage site through its 1997). The Rna15p subunit of purified CF IA contacts the 64 kDa subunit (Takagaki et al., 1992; MacDonald et al., pre-mRNA, albeit with unknown specificity. The protein 1994). In addition, cleavage requires the presence of PAP and two cleavage factors, CF I m and CF II m (Takagaki has an RNA-binding domain with similarity to that of the 64 kDa subunit of mammalian CstF. Moreover, Rna14p is significantly related to the 77 kDa subunit of CstF (Takagaki and Manley, 1994) . A screen for proteins that interact with Pap1p in vivo led to the identification of Fip1p as an essential component of PF I (Preker et al., 1995) . Two additional subunits of PF I were identified, initially based on their homology to subunits of mammalian CPSF (Chanfreau et al., 1996; Jenny et al., 1996; Barabino et al., 1997) . Ysh1p (yeast 73 kDa homologue) and Yth1p (yeast 30 kDa homologue) are 53 and 40% identical to the 73 and 30 kDa subunits of bovine CPSF, respectively (hence their names). Surprisingly, Cft1p, a putative homologue of the largest subunit of CPSF, has been reported to be a subunit of CF II (Stumpf and Domdey, 1996) . Thus, homologues of different subunits of CPSF, which is required for both cleavage and polyadenylation, appear to be associated with two separate yeast factors that are required for either of the two activities only.
Here we report the purification of a multimeric complex required for pre-mRNA polyadenylation in yeast and the identification of seven polypeptides associated with its activity. These include the putative homologues of all four subunits of CPSF, as well as Fip1p, Pap1p and Pta1p, a protein that previously has been implicated in pre-tRNA maturation (O'Connor and Peebles, 1992) . All subunits characterized to date are essential, underscoring the important role of this factor in gene expression. of Fip1p provided on a plasmid. The tag was fused inaffinity chromatography. Protein concentrations were determined with a colorimetric assay (Bio-Rad) with bovine serum albumin (BSA) as a frame to the amino-terminus of Fip1p and consisted of standard. One unit of PF I is defined as the amount of protein that the influenza haemagglutinin HA1 epitope followed by polyadenylates 1 fmol of the 5Ј product generated by cleavage of the six consecutive histidine residues ( Figure 1A ). The tag CYC1 pre-mRNA in a fip1-1 mutant extract per minute. Assays did not adversely affect cell growth or polyadenylation contained 20 fmol of 32 P-labelled substrate, and the amount of polyadenylated end product was calculated with IPLab Gel software activity, and, thus, PF I function, in cell-free extracts.
Results

Fig
(version 1.5, Signal Analytics Corporation) after scanning of gels on a Ammonium sulfate-fractionated extract obtained from PhosphorImager 425 (Molecular Dynamics). All the values obtained 500 g of PJP14 cells was first subjected to chromatography were corrected by subtracting the background value determined from on a Macro-Prep Q column. CF I-and PF I-containing an empty lane. Because the crude extract and the ammonium sulfatefractions were identified by their ability to complement fractionated extract are competent for polyadenylation by themselves, they are not amenable to quantification. (C) Immunopurification of the 3Ј end processing defect of rna14-1 and fip1-1 mutant PF I. A sample from the Mono S pool containing partially purified extracts, respectively (Minvielle-Sebastia et al., 1994;  PF I was pre-adsorbed to protein A-Sepharose and subsequently Preker et al., 1995) . The two activities eluted separately subjected to immunoprecipitation with a control antibody (rabbit at~150 and 270 mM salt, respectively. PF I activity was anti-mouse immunoglobins; lane 5), the monoclonal antibody 12CA5, specific for the HA1-peptide (lane 7), or a polyclonal antibody to purified further by chromatography on Blue-Sepharose HA1 tag and the Fip1p sequence, are not easily accessible. PF I activity was purified further by chromatography on a Mono S column. From the Macro-Prep Q column to Fip1p and its associated proteins were immunoprecipitated from a PF I fraction of the Mono S column. Antithis step, recovery of activity was~70% and PF I was purified~90-fold ( Figure 1B) . HA1 or anti-Fip1p antibodies were immobilized on protein A-resin and mixed with a sample of the PF I fraction.
Fip1p, Pap1p, Pta1p and homologues of the four subunits of CPSF are associated with PF I activity After extensive washing, bound proteins were eluted and Protein fractions of the final Mini Q column were tested separated by SDS-PAGE ( Figure 1C, lanes 7 and 9) Figure 2A ). This is surprising of~50 and 30 kDa on the silver-stained gel. Pre-treatment because previous studies have indicated that Pap1p and of the input fraction with RNase A did not affect the PF I elute from a Mono Q column as separate factors composition of proteins in the immunoprecipitate, sug- (Chen and Moore, 1992) . That the 64 kDa protein detected gesting that the integrity of the complex does not require by Western blot analysis is Pap1p was confirmed by an RNase A-sensitive component (data not shown). Finally, several experiments. First, immunoprecipitation with the a similar set of proteins was also found in a distinct anti-Pap1p antibodies precipitated the same set of proteins purification scheme that did not involve immunoaffinity as the anti-Fip1p antibodies (data not shown). Second, purification (data not shown). The supernatant and the Pap1p purified from recombinant Escherichia coli eluate of the anti-HA1 antibody precipitation were probed (Lingner et al., 1991a) had an electrophoretic mobility on blots with the anti-Fip1p antibody and vice versa. In indistinguishable from that of the 64 kDa subunit of PF I both cases, Fip1p was only detected in the eluate, indicating (data not shown). Third, in the absence of other factors, that the antibodies had adsorbed the protein completely the PF I fractions unspecifically polyadenylated the CYC1 (data not shown).
full-length and pre-cleaved pre-mRNA substrates (Figure To recover PF I in its native form, Mono S fractions 2C and D, lanes 5, respectively) or a poly(A) primer (data were loaded on an anti-HA1 antibody column, and PF I not shown). As observed with the authentic enzyme, was eluted with competing HA1 peptide (Field et al., 1988;  poly(A) is elongated much more efficiently in the presence Keys et al., 1994) . No signal was seen if immunoblots of manganese ions than in the presence of magnesium of the eluate were probed with antibodies to mouse ions (data not shown). Finally, the notion that Pap1p is a immunoglobins, indicating that the anti-HA1 antibody had component of PF I is consistent with the observation not desorbed from the column in detectable amounts (data that specific polyadenylation of a pre-cleaved pre-mRNA not shown). The immunopurified fractions were analysed substrate can be reconstituted from purified PF I-Pap1p for their protein content by gel electrophoresis on an and partially purified CF I from a Mono Q column (Chen and Moore, 1992) in the absence of exogenous Pap1p SDS-polyacrylamide gel and silver staining ( Figure 2B , (see Figure 2D ). Remarkably, small amounts of the 64 kDa lane 2). The five largest proteins with M r s of 150, 105, subunit began to elute from fraction 10 of the Mini Q 100, 85 and 64 kDa were similar to proteins observed in column, ahead of the PF I peak ( Figure 2B , lane 3; and the previous immunoprecipitation experiments (Figure data not shown). However, the Pap1p peak coincided with 1C). Other major polypeptides had apparent M r s of 58, 55, that of the other PF I subunits and thus with PF I activity. 53, 36 and 35 kDa. To confirm that the immunoprecipitated A yeast homologue of the 73 kDa subunit of the proteins co-migrate with PF I activity, a fraction of the mammalian CPSF recently has been cloned and shown to eluate was subjected to chromatography on a Mini Q be a subunit of PF I (Jenny et al., 1996) . Ysh1p has a column. The composition of the complex did not change coding capacity for a 87 kDa protein (note that the same due to chromatography after immunopurification, indicatgene was cloned independently as BRR5 by Chanfreau ing that the factor has been purified to near homogeneity. et al., 1996) . Antibodies directed against Ysh1p recognized All polypeptides were recovered at apparently equimolar a polypeptide of 100 kDa in fractions containing purified ratios with the exception of the 55 (see below) and the PF I ( Figure 2A ). 58 kDa subunits. Fractions were assayed for their ability
In the same way that we characterized Ysh1p, the to restore polyadenylation of fip1-1 mutant extract ( Figure  cloning of the 30 kDa subunit of CPSF allowed us to 2C). Polyadenylation activity co-eluted with the protein identify a yeast protein of 26 kDa which showed 40% peak in fractions 24-26 ( Figure 2B , lanes 5 and 6 and C, identity with the mammalian protein. It was therefore lanes 9 and 10). In addition, polyadenylation of the CYC1 called Yth1p (Barabino et al., 1977) . Extracts prepared pre-cleaved precursor could be obtained upon combination from a yth1 mutant strain show normal cleavage but of partially purified CF I (Chen and Moore, 1992) and are deficient in polyadenylation (Barabino et al., 1997) . purified PF I from the same Mini Q column fractions Although proteins smaller than 28 kDa are not shown ( Figure 2D , lanes 4 and 7-16). No exogenous poly(A) on the protein gel in Figure 2B , no additional major polymerase was required. The presence of the poly(A) polypeptides were observed on gels that resolved proteins polymerase in PF I fractions explained this surprising as small as~15 kDa (data not shown). However, antibodies result (see below).
against Yth1p clearly recognized a band of the expected Although the immunopurification step only recovered size (26 kDa) in fractions containing PF I activity (Figure a fraction of the PF I activity in the eluate, this step may 3B, lanes 2 and 3; Barabino et al., 1997) . As observed afford another 20-to 50-fold purification as judged by with Fip1p and the 58 kDa protein, it is possible that Yth1p does not stain well with silver. Nevertheless, results polyacrylamide gel electrophoresis ( Figure 1C ). obtained with yth1 mutant extracts clearly showed that S61187 strong support to the hypothesis that the two genes encode actual subunits of PF I. The 105 kDa protein is also significantly related to Ysh1p and to CPSF-73 (Jenny et al., 1996) . The two genes were therefore tentatively named YHH1 (yeast 160 kDa homologue 1) and YDH1 (yeast double homologue 1). While this manuscript was in preparation, a report appeared showing that Yhh1p is required for pre-mRNA 3Ј end formation in yeast (Stumpf and Domdey, 1996) . Based on immunodepletion experiments, the authors concluded that the protein is a subunit of CF II and thus named it cleavage factor two 1 protein (Cft1p; see Discussion). Therefore, we will hereafter refer to the yeast homologue of CPSF-160 as 'Yhh1p/Cft1p'. As expected, a polyclonal antibody raised against the carboxy-terminus of Yhh1p/Cft1p (Stumpf and Domdey, 1996) recognized the 150 kDa subunit of PF I in peak fractions of the Mini Q column (see Figure 3B ). Standard genetic analyses demonstrated that YDH1 and YHH1/CFT1 are essential for cell viability (see Materials and methods). YDH1, cloned from an S.cerevisiae genomic plasmid bank, could rescue a disruption of that gene when provided on a single-copy plasmid. We repeatedly failed to clone YHH1/CFT1 from the same library by using a probe corresponding to amino acids 1-379 of the protein.
Possibly, this gene is detrimental to bacterial growth. nuclease activity (O'Connor and Peebles, 1992) . To test whether the PTA1 gene product is also involved in 3Ј end formation, extracts from a pta1-1 mutant strain were assayed for their ability to cleave and polyadenylate CYC1 pre-mRNA substrates in vitro. Whereas cleavage activity was normal, the extracts failed to polyadenylate both the upstream cleavage product ( Figure 3A , lane 6) and a precleaved CYC1 RNA (data not shown). In contrast, extracts from the pta1-1 strain transformed with the wild-type gene borne on a single-copy plasmid polyadenylated the substrate RNA with efficiency comparable with the wildtype extract ( Figure 3A, compare lanes 2 and 3) . Processing activity could be restored efficiently by addition of extracts mutant in CF I, which on their own neither cleave nor polyadenylate (compare lanes 5 and 8), but not by extracts of mutants in the Fip1p subunit of PF I (lane 7). It thus appears that Pta1p and Fip1p are tightly associated in a complex required for polyadenylation. Most importantly, polyadenylation activity could be restored to pta1-1 mutant extracts by addition of PF I from the Mono S column ( Figure 3A , lane 11) or the Mini Q column (data not shown). Differences in the length of the polyadenylated products after complementation of fip1-1 and pta1-1 extracts were not reproducible (lanes 8, 10 and 11).
The complementing fractions contained Fip1p, Yth1p, Ysh1p, Yhh1p/Cft1p ( Figure 3B , lanes 2 and 3) and Pap1p (not shown), as determined by immunoblotting. In contrast, CF II/CF IB fractions do not contain any of these proteins (lanes 1 and 4; see Discussion). In addition, the anti-Fip1p antibody detected a faster migrating protein species (lane 3), referred to here as Fip1p*. Fip1p* had been observed throughout the entire purification, but its abundance relative to the full-length protein varied. Because this species is also recognized by the anti-HA1 antibody, it probably represents a C-terminally truncated form of residues long. After 32 min, no further elongation could be detected owing to the limited resolution capacity of the gel. Another remarkable difference is that, in contrast to what was observed with Pap1p alone, only a minor Peptide microsequencing of the 85 kDa subunit of PF I revealed that this protein is the product of the essential portion of the RNA was used as a substrate by the poly(A) polymerase holoenzyme (Figure 4 , compare lanes 6 and gene PTA1 (coding capacity 88 kDa). PTA1 initially was defined by a conditional growth mutation, pta1-1, that 12). Two possible explanations may account for this result. First, the RNA is polyadenylated more processively when causes the accumulation of unspliced pre-tRNAs in vivo (O'Connor and Peebles, 1992). All 10 intron-containing Pap1p is in a complex with the other components of PF I. Second, a substrate RNA is elongated preferentially once tRNA families are affected. Surprisingly, extracts prepared from pta1-1 cells have normal pre-tRNA splicing endoit has received a minimal number of adenosine residues, polyadenylate a pre-cleaved pre-mRNA substrate when combined with partially purified CF I, with no additional poly(A) polymerase. Our results differ from those of earlier work indicating that PF I and Pap1p are two separable factors, each one required individually to restore specific polyadenylation activity (Chen and Moore, 1992 ). We do not know if these discrepancies are attributable to variations in the protocols used for extract preparation and biochemical fractionation or might reflect the different genetic backgrounds of the strains used in these studies. Remarkably, the previously reported purification of Pap1p from yeast did not result in the identification of any additional polypeptides (Lingner et al., 1991b) . Because this purification relied solely on the unspecific polyadenylation activity of the enzyme, any polyadenylation activity associated with PF I may have escaped detection. Early work of Haff and Keller (1975) demonstrated that Pap1p activity of yeast cell extracts can be separated into distinct peaks by chromatography on DEAE-cellulose. A minor portion of the activity eluted at high salt concentrations after the major peak of activity. Possibly, this portion corresponded to Pap1p in a complex with PF I. Of the other polypeptides that co-purified with PF I Ysh1p, a protein that is highly homologous to mammalian either 200 fmol of immunoaffinity-purified PF I-Pap1p (lanes 1-6) or CPSF-73 (Chanfreau et al., 1996; Jenny et al., 1996) . depleted PF I activity from whole-cell extracts or PF I fractions. In both cases, activity could be restored by adding back purified PF I (Jenny et al., 1996 ; Barabino as in mammals where CPSF and PAB II stimulate the activity of the poly(A) polymerase after oligoadenylation et al., 1997). Moreover, extracts from conditional ysh1/ brr5 or yth1 mutants are deficient for polyadenylation of the precursor (Wahle, 1991; Bienroth et al., 1993) . Because the authentic poly(A) polymerase and the recombut not for cleavage (Chanfreau et al., 1996; Barabino et al., 1997) . binant enzyme purified from E.coli have indistinguishable biochemical and enzymatic properties (Lingner et al., The two largest subunits associated with PF I activity are significantly related over the entire sequence length to 1991a), we consider it unlikely that the differences are attributable to an intrinsic property of the recombinant the 160 and 105 kDa subunits of CPSF, respectively. Therefore, it is highly likely that these proteins play an enzyme. When combined with purified CF IA and CF IB/ CF II fractions, the PF I-Pap1p complex was fully active essential role in 3Ј end formation as well. Yhh1p/Cft1p, the CPSF-160 homologue, recently has been reported to in the specific cleavage and polyadenylation reaction with CYC1 pre-mRNA (Minvielle-Sebastia et al., 1997) . It also be a subunit of CF II (Stumpf and Domdey, 1996) . The authors showed that antibodies to Cft1p immunodeplete specifically polyadenylated a pre-cleaved RNA substrate when combined with partially purified CF I (see cleavage and polyadenylation activity from wild-type extracts. The two activities could be complemented by Figure 2D ). addition of Mono Q fractions containing CF II and PF I activity, respectively. In Western blot experiments, Cft1p
Discussion was found associated with CF II activity. However, the two activities largely overlapped in the column fractions
Complexity of yeast 3Ј end processing factors PF I was purified from a strain expressing epitope-tagged used for complementation (Stumpf and Domdey, 1996) . Although we cannot rigorously rule out the possibility that Fip1p. In addition to Fip1p, PF I comprises Pap1p, Pta1p and, at a minimum, eight other protein subunits. The the CPSF-related polypeptides are involved in cleavage in vivo, we found no evidence that this is the case in our finding that Fip1p is stably associated in a complex agrees with the observations that recombinant Fip1p was neither reconstituted in vitro system. The fractions required for cleavage, purified CF IA and partially purified CF II/ able to substitute for PF I in the reconstituted in vitro system nor to complement polyadenylation-deficient fip1 CF IB ( The purified PF I-Pap1p complex can specifically 3B). Moreover, cleavage can be reconstituted efficiently without PF I. In any case, the observation that immunoEvolutionary conservation of 3Ј end formation in eukaryotes depletion with antibodies to Pap1p or PF I subunits, such Recently, Murthy and Manley (1995) have reported that as Fip1p and Ysh1p/Brr5p, also impairs cleavage to CPSF-160 interacts with both bovine PAP and the 77 kDa various degrees (Minvielle-Sebastia et al., 1994 ; Preker subunit of CstF. In view of the finding that the Fip1p et al., 1995; Chanfreau et al., 1996) suggests that cleavage subunit of yeast PF I tethers Pap1p to the Rna14p subunit factors and PF I may be directly associated and that some of CF I (Preker et al., 1995) , these authors speculated that aspects of this association may be maintained in vitro.
Fip1p might be the functional homologue of the CPSF The finding that the 85 kDa subunit of PF I is identical 160 kDa subunit. An extension of this idea is that PF I to Pta1p (O'Connor and Peebles, 1992 ) adds yet another and CPSF may have similar functions in the two organisms. layer of complexity to the mechanism of yeast 3Ј end
The sequence homologies of PF I components to the four formation. In vitro, pta1-1 mutants have a 3Ј end prosubunits of mammalian CPSF strengthens this hypothesis. cessing defect very similar to that of fip1-1, ysh1/brr5 or Sequence similarities have also been reported between the yth1-1 mutants. Pta1p has been implicated in pre-tRNA Rna14p and Rna15p subunits of yeast CF I and, respectsplicing, because pta1-1 mutants accumulate all 10 endively, the 77 and 64 kDa subunits of mammalian CstF trimmed, intron-containing pre-tRNA families in vivo (Takagaki and Manley, 1994) . Thus, 3Ј end processing (O'Connor and Peebles, 1992) . However, the mutant factors appear to be conserved between yeast and higher exhibits no pre-tRNA splicing defect in vitro. Similar eukaryotes, at least at the amino acid sequence level. phenotypes are common to a number of other mutants, Obvious differences exist in the function of related genes such as nucleoporin mutants (Simos et al., 1996) and the in either system. Whereas mammalian CstF only particippleiotropic rna1-1 mutant (Hopper et al., 1978) . It has been ates in the cleavage reaction, CF I is essential for both speculated that pre-tRNA processing might be coupled to cleavage and polyadenylation in yeast. On the other hand, mRNA export (Simos et al., 1996) . Likewise, Pta1p
CPSF is required for both steps in 3Ј end formation, (and so, possibly, other components of PF I) may have whereas PF I is dispensable for the initial cleavage step. overlapping functions in both tRNA and mRNA maturSimilarly, poly(A) polymerase is required for cleavage in ation. Alternatively, the accumulation of unspliced prethe mammalian, but not in the yeast system. The apparent tRNAs in pta1-1 mutants might be a secondary effect of discrepancies between sequence and functional homology a reduced 3Ј end processing efficiency in these mutants.
might be rationalized in part by the fact that the inventory To this end, we have used an in vivo assay based on loss of the factors is still incomplete and that the detailed of suppressor tRNA activity (Simos et al., 1996) to test molecular mechanism of how the known protein factors whether mutants in 3Ј end processing factors are generally act in the reaction is largely unknown. In addition, in impaired in tRNA processing. However, we failed to contrast to the mammalian situation, it is unclear how detect any significant decrease in suppressor tRNA activity CF I and PF I are arranged on the RNA substrate. Both in an rna14-1, rna15-1 or fip1-1 mutant background factors bind RNA in vitro but their sites of interaction (P.J.Preker, unpublished data).
have not yet been mapped. It could be that the interaction We showed that purified PF I exhibits non-specific of PF I-PAP1p with the pre-mRNA is not specific or polyadenylation activity on its own that is significantly strong enough and that only the simultaneous binding of more efficient than that of Pap1p alone. A plausible the factor to the RNA and to the already bound CF I leads explanation of how the other subunits of PF I stimulate to the formation of a stable and specific polyadenylation the activity of Pap1p could be that the holoenzyme complex via the Fip1p-Rna14p protein-protein contact. contains an RNA-binding component that promotes its
In a model for the assembly of a yeast polyadenylation interaction with the RNA substrate. In fact, immunocomplex, Pap1p is tethered to the RNA primer by at least affinity-purified PF I can form a complex with the CYC1 two distinct recognition events (see Figure 5) . First, direct pre-mRNA with a lower electrophoretic mobility in nonbinding of PF I-Pap1p to the efficiency element of the denaturing gels (results not shown). In contrast, free Pap1p upstream cleavage fragment involves Yth1p and possibly does not form a shifted complex under the same conditions. other components of PF I. Second, the Fip1p subunit of The peak of the RNA-binding activity coincided with that PF I acts as a bridge between Pap1p and CF IA, which of PF I activity when fractions of the final Mini Q column binds the pre-mRNA through Rna15p, possibly onto the were assayed for complex formation. This indicates that positioning element. The binding of CF I to the positioning PF I contains at least one RNA-binding component. In element is hypothetical and has not been tested experimentthis respect, recombinant Yth1p has been shown to have ally. However, as the positioning element determines the unspecific RNA-binding activity in vitro (Barabino et al., site of endonucleolytic cleavage, and as PF I is dispensable 1997). Whether or not additional subunits of PF I are for the cleavage reaction, it is reasonable to assume that binding to RNA remains to be determined. However, the CF I binds to the positioning element. Likewise, PF I may binding of PF I-Pap1p to the RNA is not specific for 3Ј bind to the efficiency element. Specific recognition of the end processing-competent substrates because an RNAcorrect 3Ј end processing site would, therefore, be imparted protein complex was also formed with a cyc1-512 mutant by the assembly of a complex network of RNA-protein RNA, which is not processed in vitro (results no shown).
and protein-protein interactions. Similarly, CF IA interacts with wild-type and mutant
In mammals, the requirement for CPSF is reflected by pre-mRNAs (Kessler et al., 1996; L.Minvielle-Sebastia, the specific interaction of its 30 and 160 kDa subunits with P.J.Preker, Y.Strahm and W. Keller, unpublished data) .
the almost invariant 3Ј end processing signal AAUAAA Thus, sequence-specific RNA binding may require differ- Murthy and Manley, 1995) . Gel retardation assays indicate that yeast PF I binds to preent conditions and/or additional factors.
Materials and methods
Buffers
All buffers used for PF I purification contained 0.5 mM dithiothreitol (DTT), unless otherwise noted, and a cocktail of protease inhibitors (0.5 mM phenylmethylsulfonyl fluoride, 0.7 μg/ml pepstatin and 0.4 μg/ml leupeptin hemisulfate). Buffer B: 20 mM HEPES-KOH pH 7.0, 1.5 mM Mg acetate and 10 mM K acetate; buffer D: 20 mM Tris-HCl pH 8.0, 0.5 mM EDTA, 20% glycerol and KCl at the millimolar concentration indicated following a hyphen; buffer F: as buffer D, but with HEPES-KOH pH 7.4 instead of Tris-HCl and 1 mM β-mercaptoethanol instead of DTT; buffer G: as buffer F, but with K acetate instead of KCl and 0.02% NP-40; buffer N: 20 mM HEPES-KOH pH 7.4, 20% glycerol, 50 mM K acetate, 0.02% NP-40 and 1 mM β-mercaptoethanol; buffer I: 20 mM Tris-HCl pH 8.3, 0.5 mM EDTA, 0.05% NP-40 and K acetate Fig. 5 . Schematic representation of the yeast polyadenylation complex.
concentrations as indicated. The binding of CF I and PF I-Pap1p to the positioning and efficiency elements, respectively, is hypothetical. CF I and PF I-Pap1p subunits Plasmids, S.cerevisiae strains and disruption of YDH1 and are shaded in light and dark grey, respectively. Pab1p is associated YHH1/CFT1 loosely with CF IA and is thus not considered as an actual subunit of Standard cloning procedures were performed as described (Sambrook any of these factors (Minvielle-Sebastia et al., 1997) . Protein-protein et al., 1989) . Polymerase chain reaction (PCR) amplifications were done interaction between polypeptides of the two factors is indicated by a with Ampli-taq DNA polymerase (Pharmacia) in 50 μl of buffer (provided double-headed arrow.
by the manufacturer) supplemented with 50 pmol of each primer and 100 ng of plasmid DNA or 200 ng of genomic yeast DNA. Yeast media and standard genetic manipulations were as described elsewhere (Guthrie and Fink, 1991) . reproduced by the addition of purified CF IA and partially and used as a probe to screen an S.cerevisiae genomic plasmid bank purified CF II/CF IB, implying that these fractions contain (Pick, 1995) . Three independent clones were obtained that contained the entire YDH1 open reading frame and its 5Ј-and 3Ј-regulatory elements.
an activity that controls the length of the poly(A) tail A 3.3 kb PmlI-ApaI fragment containing YDH1 was subcloned into synthesized by PF I-Pap1p (Minvielle-Sebastia et al., SmaI-ApaI-restricted pBlueskriptKS-(Stratagene) to yield plasmid 1997). We characterized the different polypeptides copIA111. The shuttle vector pIA115 was generated by insertion of a purifying with CF IA activity as Rna14p, Rna15p, Pcf11p
BamHI-KpnI fragment from pIA111 into the same sites of plasmid pFL38 (CEN4-URA3; Bonneaud et al., 1991) . (Amrani et al., 1997) , a new protein called Clp1p
Strains heterozygous for a deletion of YDH1 and YHH1/CFT1 were (L. Minvielle-Sebastia et al., unpublished data) and, intergenerated by PCR-mediated, single step disruption of the respective estingly, Pab1p (Minvielle-Sebastia et al., 1997) . We open reading frames (Baudin et al., 1993) . For that, a BglII fragment of showed that Pab1p is required for the synthesis of normal plasmid pFL38 containing the TRP1 marker was amplified with two poly(A) tails, and might thus represent the activity that 15; inhibiting its activity once the poly(A) tails have reached Baillieu et al., 1997) . Transformants were selected on medium lacking the normal length. The tentative arrangement of the factors tryptophan, and integration of the marker at the correct loci was verified by Southern blotting. Upon sporulation and tetrad dissection, no more involved in the polyadenylation reaction is depicted in the than two spores gave rise to growing colonies at 22°C, and all viable model shown in Figure 5. clones were tryptophan auxotrophs. The deletion of YDH1 could be Until now, no mammalian protein with highly significant rescued by transformation of the diploid strain with plasmid pIA115 similarity to Pta1p or Fip1p was found in the databanks.
(CEN4-URA3-YDH1) prior to sporulation. In this case, all tryptophan However, putative Pta1p and Fip1p homologues do exist heterotrophs were sensitive to 5-FOA.
A TRP1-marked plasmid (pIA114) for the expression of wild-type in the fission yeast Schizosaccharomyces pombe. It thus
